Leuconoid sponges are filter-feeders with a complex system of branching inhalant and exhalant canals leading to and from the close-packed choanocyte chambers. Each of these choanocyte chambers holds many choanocytes that act as pumping units delivering the relatively high pressure rise needed to overcome the system pressure losses in canals and constrictions. Here, we test the hypothesis that, in order to deliver the high pressures observed, each choanocyte operates as a leaky, positive displacement-type pump owing to the interaction between its beating flagellar vane and the collar, open at the base for inflow but sealed above. The leaking backflow is caused by small gaps between the vaned flagellum and the collar. The choanocyte pumps act in parallel, each delivering the same high pressure, because low-pressure and high-pressure zones in the choanocyte chamber are separated by a seal (secondary reticulum). A simple analytical model is derived for the pump characteristic, and by imposing an estimated system characteristic we obtain the back-pressure characteristic that shows good agreement with available experimental data. Computational fluid dynamics is used to verify a simple model for the dependence of leak flow through gaps in a conceptual collar -vane -flagellum system and then applied to models of a choanocyte tailored to the parameters of the freshwater demosponge Spongilla lacustris to study its flows in detail. It is found that both the impermeable glycocalyx mesh covering the upper part of the collar and the secondary reticulum are indispensable features for the choanocyte pump to deliver the observed high pressures. Finally, the mechanical pump power expended by the beating flagellum is compared with the useful (reversible) pumping power received by the water flow to arrive at a typical mechanical pump efficiency of about 70%.
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Leuconoid sponges are filter-feeders with a complex system of branching inhalant and exhalant canals leading to and from the close-packed choanocyte chambers. Each of these choanocyte chambers holds many choanocytes that act as pumping units delivering the relatively high pressure rise needed to overcome the system pressure losses in canals and constrictions. Here, we test the hypothesis that, in order to deliver the high pressures observed, each choanocyte operates as a leaky, positive displacement-type pump owing to the interaction between its beating flagellar vane and the collar, open at the base for inflow but sealed above. The leaking backflow is caused by small gaps between the vaned flagellum and the collar. The choanocyte pumps act in parallel, each delivering the same high pressure, because low-pressure and high-pressure zones in the choanocyte chamber are separated by a seal (secondary reticulum). A simple analytical model is derived for the pump characteristic, and by imposing an estimated system characteristic we obtain the back-pressure characteristic that shows good agreement with available experimental data. Computational fluid dynamics is used to verify a simple model for the dependence of leak flow through gaps in a conceptual collar -vane -flagellum system and then applied to models of a choanocyte tailored to the parameters of the freshwater demosponge Spongilla lacustris to study its flows in detail. It is found that both the impermeable glycocalyx mesh covering the upper part of the collar and the secondary reticulum are indispensable features for the choanocyte pump to deliver the observed high pressures. Finally, the mechanical pump power expended by the beating flagellum is compared with the useful (reversible) pumping power received by the water flow to arrive at a typical mechanical pump efficiency of about 70%.
Introduction
Grazing on phytoplankton and free-living bacteria in marine filter-feeding invertebrates implies feeding on highly dilute suspensions of food particles, and, therefore, invertebrates must process large volumes of water in highly efficient filters in order to cover their food requirements [1, 2] . Thus, filter-feeding sponges filter a water volume six times [3] , or higher [4] , than their volume body per minute. A basic understanding of the pumping and filter mechanisms and the energy cost therefore continue to attract attention [2, [4] [5] [6] [7] [8] [9] [10] .
To understand the overall pump function in a filter-feeding organism, it is common practice to consider the pump and system characteristics expressed by pressure change P versus water flow rate Q [2] . Thus, as a pump faces an increase in pressure head, the flow generally decreases as given by the pump characteristic P p (Q). On the other hand, the system pressure drop owing to friction through canals and restrictions increases with increasing flow as given by the system characteristic P s (Q). The intersection between the two relations defines the operating point, and the pressure head at this point is termed the normal operating pump pressure (cf. for example [2, fig. 1 ], [8, fig. 14.6] of these characteristics has so far been measured directly in an organism but they can be estimated from models. However, the so-called back-pressure characteristic P b (Q) may be determined experimentally by measuring the flow Q for increasing values of back-pressure P b imposed at the exhalant flow from the organism. Adding an estimated system characteristic to a measured back-pressure characteristic gives the pump characteristic, which was done by Larsen and Riisgård [7] for the marine demosponge Haliclona urceolus. Despite the linearity of the governing equations of the flow in the low Reynolds number regime inside the canal system, the measured backpressure characteristic was found to be nonlinear. These authors suggested that changes in the diameter of the elastic inhalant and exhalant canals with changes in local hydrostatic pressure might explain the curved back-pressure characteristic. However, the leaky positive displacement pump model presented here also leads to a curved model-pump characteristic owing to increased leakage in the pump in response to increasing pressure.
Further, noting the high back-pressure at zero flow (about 2.7 mmH 2 O) and high inferred normal operating pump pressure (0.673 mmH 2 O) [7] suggested that the choanocyte chamber in demosponges was the basic pump unit, acting as a leaky positive displacement pump due to a constructive interaction between the long flagella of the many choanocytes in the chamber, but this may be erroneous for several reasons. Video recordings [10] have shown that the flagella beat asynchronously and at different frequencies, hence excluding coordinated interaction. Also, the structure of the choanocyte chamber with a low-and a high-pressure zone [9] [10] [11] suggests that all choanocytes at the distal part of the collars are exposed to the same pressure. In the present study, the positive displacement mechanism is suggested to be at play in the collar of each choanocyte, which is therefore suggested to be the basic pump unit, and these units act independently in parallel, each delivering the full pressure required to drive the flow.
In asconoid and syconoid body-type sponges [12] where choanocytes line walls, they appear to work in parallel and are therefore the basic pump units. They deliver the moderate pressure rise required to draw water through the inhalant openings (ostia) and to maintain flow through the rather short and open canals and the exhalant openings (oscula) of these species. In leuconoid-type sponges, choanocytes may still be the basic pump units now lining the walls of choanocyte chambers. But because of the much higher pressure required to drive flow through the longer and more complex system of canals, the choanocyte chambers are designed with sealed zones of low pressure and high pressure [9] [10] [11] . The pressure rise between these zones is maintained by the action of vaned flagella essentially functioning as leaky positive displacement pumps in the collars with well-spaced microvilli near the cell but essentially sealed microvilli by a mesh of glycocalyx in the upper part of the collar [9 -11] .
As noted by Mah et al. [10] the collar -flagellum system should be seen as a functionally integrated unit and an integrated collar -vane -flagellum system would require more complex modelling than, for example, slender body theory traditionally used in describing choanoflagellate propulsion or pumping by a beating flagellum. We support this view in the present modelling of the leucon sponge pump.
We first derive a simple analytical gap model which is verified by results from computational fluid dynamics (CFD) applied to a conceptual model of the collar -vaneflagellum system. This model is subsequently used to derive the pump characteristic by imposing an estimated system characteristic to finally obtain the back-pressure characteristic that is compared with available experimental data. The CFD model is then extended to a choanocyte model representing a unit section of the choanocyte chamber holding one choanocyte to study the effects of different elements of the choanocyte pump on its functionality.
Material and methods
In this section, we first describe the numerical approach for studying the flow in choanocyte models. Next, we explain the theory for the gap and the pump model.
Computational fluid dynamics
We use CFD to numerically solve the governing Navier -Stokes equations of the fluid dynamics in both the conceptual collarvane-flagellum model and a choanocyte model. A finite volume method is used to discretize and solve the equations on a discrete representation of the computational domain consisting of polyhedral cells (electronic supplementary material, figure S1 ) by applying the commercial CFD code STAR-CCMþ(13.02.011-R8).
Governing equations
The governing equations of an incompressible Newtonian fluid with density r and viscosity m are the continuity and NavierStokes equations, 
where u and p denote the velocity and pressure, respectively. In the small-scale world of choanocytes the Reynolds number, the ratio of inertia to viscous forces, is small; here Re ¼ rVL/m ¼ 5. [10] . Therefore, the left-hand side of equation (2.2) is negligible, and the flow can be considered as quasi-steady.
We model the displacement of the flagellum in the x direction as a simple travelling wave,
where d is the lateral displacement of the flagellum, a is the amplitude, z is the centreline axis of the collar and t is time.
With this model, the flagellar length varies slightly in time during the beat cycle (a maximum of 1.6%). And since the flow is quasi-steady, the variation in length depends only on two successive positions of the flagellum, which is significantly smaller ( 0.02% with a time step dt ¼ 0.0001 s between two successive positions of the flagellum). The power expenditure by the vaned flagellum is calculated as
where s ¼ ÀpI þ m(ru þ (ru) T ) denotes the stress tensor, n is the unit normal vector on the surface S pointing into the fluid and S fl is the flagellar vane area.
Collar-vane -flagellum model
The key to delivering a relatively high pressure (in order to drive flow through the narrow canals in sponges) lies in the collarvane-flagellum system that effectively functions as a leaky pump. For the conceptual study of the effect of gap size on the maximum pressure delivered by the flagellum pump, we replace the cylindrical collar of the circular cross section (3.1 mm diameter) by one of square cross section (3.1 mm width). This model provides well-defined gaps s 1 and s 2 between the beating flagellar vane edges and the collar (figure 1). The flagellar vane is modelled as a plate beating in a plane subject to a no-slip boundary condition relative to the motion of the flagellum. The sides (collar) of the computational domain are subject to the no-slip condition, and the inlet and the outlet to pressure boundary conditions representing the imposed system pressure losses associated with flow through restrictions and canals in the sponge.
Choanocyte model
The choanocyte chamber holds a large number of choanocytes (figure 2a) in a close-packed array on its nearly spherical inner wall (primary reticulum) [4, 11] . Our simplified choanocyte model for CFD studies (figure 2c) is based on the description in [11] . Here, figure 2a shows the choanocyte chamber in the freshwater demosponge Spongilla lacustris and figure 2b shows a schematic of a unit section of the choanocyte chamber holding one choanocyte. In S. lacustris, the average collar length is 8.2 mm and the collar has 24-36 microvilli of diameter 0.12 mm and spacing 0.06 mm at their base [10, 13] . The microvilli over the distal twothirds of the collar are tightly held together with a glycocalyx mesh [9, 10] . Despite variations in the collar length and the number of choanocytes, the microvilli and the glycocalyx mesh are believed to be similar among many species of sponges [4, [9] [10] [11] 14] .
Inflow through a sponge body is driven by suction through numerous small openings (ostia) in its outer surface and further through incurrent canals to enter the choanocyte chambers through several prosopyles before it reaches the choanocyte collars [4, 9] . The choanocyte pumps provide the suction for inflow and further the pressure for the subsequent outflow from the choanocyte chambers through the apopyle and excurrent canals to the exit at the osculum. Inside the flagellated collar chamber, the water is sucked through the relatively large openings between the microvilli at the base of the collar (marked 'oc' in figure 2b) and its pressure then increases in the meshsealed part of the collar (marked 'sc' in figure 2b) by the beating flagellum on its way into the the inner region of the chamber. This is possible because a low-pressure zone is established between the primary and secondary reticula (R1 and R2, respectively; figure 2b ) and a high-pressure zone between the secondary reticulum and a cone cell ring (near the apopyle, not shown). The secondary reticulum consists of a rather dense, mucus-like material [11, 15] . This arrangement implies that all choanocytes within a chamber experience and hence deliver the same pressure head. Therefore, it is sufficient to simulate a unit section of the choanocyte chamber holding one choanocyte and subsequently account for possible interactions with neighbouring unit sections by applying various appropriate boundary conditions on the surface of such a unit section. In the choanocyte model used for the CFD simulations (figure 2c), the flagellum (green) beats with an amplitude of 1.5 mm, has a 3 mm vane only along the sealed part of the collar while it is unvaned and of width 0.3 mm over the rest of its length, as observed by [10, 16] . But we also model the flagellum as vaned over its full length to study its effect on the pump performance. The cross section of the collar is the same as given in figure 1. The proximal 2.1 mm length of the collar with opening (oc) is modelled as a porous surface with an assigned porosity corresponding to that of a network of parallel and equidistantly spaced cylinders [17] . The distal fine-meshed part of the collar (sc) is treated as an impermeable surface, but cases of a semipermeable surface [18, 19] are also considered to study the effect of the mesh pore size on the pump performance. Primary and secondary reticula (R1 and R2) are modelled as impermeable surfaces subject to the no-slip condition. A pressure boundary is imposed on the outer surfaces representing the highpressure zone (red). The other four sides of the outer domain (light grey) are exposed to different boundary conditions, i.e. pressure, periodic, symmetry, to model different scenarios of interaction between unit sections. The last two cases, for example, represent a colony of choanocytes with flagella beating in phase or completely out of phase, respectively. The prosopyle is a semi-circle with a diameter of 5 mm subject to either a pressure boundary, to represent choanocytes sitting near the prosopyle, or a no-slip boundary (i.e. closed), to represent those sitting far from the prosopyle.
Theory 2.2.1. Leak flow through gaps
To relate the leak flow to pressure rise and widths of the gaps, we consider the collar -vane -flagellum system presented in figure 1 . The net volume flow Q of the leaky pump is the difference between the positive displacement flow Q pos and the negative leak flows through the gaps,
where Q pos ¼ lf (W 2 2s 1 )(W 2 2s 2 ) and W is the square collar width, Q s 1 and Q s 2 are the leak flow through the gaps of width s 1 and s 2 , respectively, and Q s 1 , s 2 is the leak flow through overlapping areas where the two gaps meet in the corners of the collar. The leak flow depends on the excess pressure P generated by the positive displacement effect and the width of gaps between the flagellum and the collar. For an estimate of the leak flow through the gap width s i (Q s i , i ¼ 1, 2), consider the leak to be fully developed laminar flow between two parallel plates of spacing s, length l and width w (s ( w) for which the frictional pressure drop is P ¼ 12mUl/s 2 [2, 20] . Here, U denotes the mean velocity that is related to leakage by Q s ¼ swU, yielding the relation
where we have assumed a geometric scaling in which s/l ≃ const., which along with other constant parameters are lumped into the constant c. For an estimate of Q s 1 , s 2 we use the pressure drop expression for an orifice of diameter r (Q r ¼ 24mP r 3 ) [21] 
where c 3 is a constant. Using equation (2.6) for the leak flow through the gap width s i (Q si ) and combining it with equations (2.5) and (2.7), in the shut-off condition of no net flow (Q ¼ 0), gives
Leaky positive displacement pump model
To derive a simple model for the pump characteristic, we assume one and the same small gap size in both directions (figure 1 with
or, as a special case, contact between the flagellum and the collar in one direction at all times (s 1 ¼ 0, s 2 = 0). Using equations (2.5) and (2.6) (neglecting the third-order term of equation (2.7)), the leaky positive displacement choanocyte pump, consisting of a vaned flagellum beating in the sealed part of the collar, delivers a net volume flow rate of
where A is the cross sectional area of the collar and a s is a constant. Note that, in the case of a cylindrical collar, the gap shape within the collar is more complex and the gap width might vary inside the collar. Assume a gap shape s(h) as a function of arc length h along the flagellum edges. Now dQ s(h) ¼ c s dh [s(h)] 2 P defines the leak for a segment length dh. For the total leak flow, we have
where H is the total arc length along the flagellum edges, and a ¼ c s H is a constant. Hence, for a cylindrical collar equation (2.9) is still valid but the gap width s should be replaced by the root mean square of the varying gap s(h).
It is furthermore expected that the gap width s will increase with increasing pressure owing to linear elastic deformation of the flagellar vane and/or the collar according to
where k is an elastic modulus and s o denotes the minimum gap width at zero pressure. Inserting equation (2.11) into equation (2.9) gives the equation for the model pump characteristic 12) or in normalized form in terms of pump pressure head P ¼ P pump , satisfying the conditions of Q( 13) where
Results and discussion
In this section, we first present the results of the conceptual flagellum-vane -collar system. Next we compare the derived pump model with experimental data, and finally examine detailed CFD results obtained with the choanocyte pump model in regard to the functionality of the pump.
Effect of gap sizes on pressure rise
To study the gap size effect, we perform CFD simulations of the collar-vane-flagellum system (figure 1) for the 'shut-off' condition (closed inlet and outlet) to obtain the maximum pump pressure versus changes in gap widths s 1 and s 2 . As shown in figure 3 , the 16 points obtained from the CFD simulations show very good agreement with the analytical model (equation (2.8) ). The three constants c 1 , c 2 and c 3 in equation (2.8) are found by using three arbitrary points from the CFD results. The pressure depends strongly on gap sizes and it decreases dramatically as gaps become larger. This also indicates that an unvaned flagellum would be unable to generate the required pressure due to the huge gap between the flagellum and the collar. Note that equation (2.8) gives the maximum pressure delivered by the leaky pump for a rigid flagellum and a rigid collar with an asymptotic infinite pressure as the gap widths decrease to zero (figure 3). Although the vane in choanoflagellates is a delicate structure, the vane in choanocytes appears 'dense and massive' [16] , but nevertheless the flagellar vane and/or the collar are still deformable and likely to bend or expand, resulting in gaps of increasing widths if the pressure load increases sufficiently. Therefore, the actual maximum pressure that a flexible flagellum-vane -collar system is able to deliver will remain finite.
Sponge pump
To test the leaky pump model (equation (2.13)) against experimental data, we consider the measured back-pressure data of the marine demosponge Haliclona urceolus [7, fig. 1c  and table 1] . To obtain the model back-pressure characteristic, we subtract the system characteristic from the model-pump characteristic (equation (2.13) ). The system characteristic is obtained from the estimated system pressure losses given in table 1 of [7] for the 'standard sponge' of [6] , with a modified value for the pressure drop in the collar slits. Since the collar is sealed over the distal two-thirds of its length [10] , and the flow only passes through the collar slits at the proximal part, the velocity and hence the table value of pressure drop through the slits are increased by a factor of 3 to give a total of 0.7596 þ 0.1576 ¼ 0.9172 mmH 2 O at the operating point of the 'standard sponge' in table 1 of [7] . Noting that the contribution from the kinetic energy of exhalant jet from the osculum is quadratic in velocity (or volume flow) while other contributions are linear, and that values correspond to an operating point (zero back-pressure) of Q op ¼ 6 ml min 21 , we scale to the present case of Q op ¼ Figure 4 shows the backpressure experimental data, the system characteristic (P s ) from equation (3.1), the model-pump characteristic (P pump with C 1 ¼ 0 in equation (2.13) corresponding to the zero gap at zero pressure) and the resulting back-pressure characteristic (P b ). The modelled back-pressure characteristic captures the general trend of the experimental data. It can be seen from figure 4 that flow rate Q op at the operating point lies very close to the maximum flow rate (Q o ), indicating a minimal leakage from the pump units of about 2%, as reflected by the steepness of the pump characteristic. Thus, the pump continues to operate almost at its full potential (at a given frequency) with minimal leakage for an increase to system pressure losses in the range from 0 to 0.736 mmH 2 O.
As an estimate of the maximum flow rate per individual choanocyte, i.e. the positive displacement flow (Q pos ≃ lf A), Figure 3 . Effect of gap widths s 1 and s 2 on the maximum pressure delivered by the flagellum -vane -collar system (figure 1) under the 'shut-off' condition of closed inlet and outlet. Equation (2.8) (dashed curves) fits well the CFD results (symbols). The pressure rise highly depends on the gap sizes and thus on the flagellum-collar interaction. we use the dimensions for S. lacustris choanocytes [10, [4] . This suggests that choanocytes as the basic pumping units are functionally similar among different species and the positive displacement pumping rate appears to be a realistic approximation of the mean flow rate of a choanocyte. Nonetheless, the exact pumping rate per individual choanocyte might still vary even among those inside the same chamber as a result of observed variations in both beat frequency (ranging from 3.2 to 20.9 Hz for S. lacustris) and dimensions of the collar [10] .
Choanocytes in chamber
In this section, using the choanocyte model of figure 2c, we present results of CFD simulations of the flow in and around the choanocyte of S. lacustris as a model organism, discuss the possible interaction among adjacent choanocytes, and study the influence on pump performance of the glycocalyx mesh and of the secondary reticulum (R2).
Choanocyte interactions
To examine the possible hydrodynamic interaction between adjacent choanocytes exposed to the same pressure load, we measure the flow rate and the power required for the pumping under different scenarios obtained by applying different boundary conditions on the outer boundary of the solution domain in figure 2c . Table 1 lists the results for four different boundary conditions (BCs) for two cases, i.e. the normal one, where the vane of the flagellum exists over the length of the distal part of the collar ( partial), and the hypothetical one, where the vane exists along the full length of the flagellum (full). The results are for an imposed pressure difference of 1 mmH 2 O between the inlet and the outlet of the domain.
For both cases of partial and full flagellar vane, there is no change in either flow rate or power, regardless of the inphase (BC 2) or completely out-of-phase (BC 3) flagella beat, as compared with the reference case (BC 1), indicating negligible hydrodynamic interactions between adjacent choanocytes. The results are also unaltered for those choanocytes sitting far from the flow inlet through a prosopyle, in which case we let water enter through the lower sides into the domain (BC 4). The interaction is expected to be weak since the part of the flagellum responsible for the pressure rise lies within the distal part of the collar that is tightly held together and sealed with the glycocalyx mesh, hence to a large extent isolating this pumping region from the neighbouring ones. The lack of hydrodynamic interaction might be one reason why the beats of the flagella within a given chamber are not synchronized [10] .
Additionally, a full flagellar vane does not significantly change the volume flow rate as compared with the partial flagellar vane. This is not surprising since the free part of the flagellum cannot produce any pressure rise when not beating in a sealed collar; instead, it dissipates the energy by stirring the flow in a very viscous environment. Thus, in view of the non-negligible increase in power expenditure (by about 13%) and no gain in pumping rate it makes functional sense that the vane does not extend beyond the collar filter [16] while (as another benefit) 'it appeared to narrow or be absent' towards the base of the flagellum [10] . Likewise, since the vaned flagellum and collar interaction takes place only in the distal sealed part of the collar, the first contact (or small gap) between the flagellum and collar is expected to be where the glycocalyx mesh begins. This feature has been reported by [10] for choanocytes of S. lacustris.
Effect of glycocalyx mesh
Thus far, we have treated the fine-meshed part of the collar as impermeable to flow. But how vital is the presence of the glycocalyx mesh and how dense should it be?
To answer these questions, we first simulate the choanocyte model (figure 2) subject to an imposed canal system pressure loss of P ch ¼ 1 mmH 2 O (i.e. total pressure loss excluding contributions from within choanocyte chambers), modelling the distal part of the collar with the same 
(1) Specified inlet pressure on sides, (2) periodicity on sides, (3) symmetry on sides, (4) specified inlet pressure on sides with no prosopyle. The hydrodynamic interaction between adjacent choanocytes is negligible, and the full flagellar vane does not increase flow rate significantly, as compared with the partial flagellar vane, but is energetically more demanding.
partial flagellar vane full flagellar vane permeability as that of the microvilli array in the proximal part of the collar. Figure 5 shows the velocity fields for cases with and without the presence of the glycocalyx mesh. With the mesh, water enters through the base of the collar, then its pressure increases in the fine-meshed part of the collar, and it enters the inner high-pressure zone above the secondary reticulum (R2 in figure 2c ). Without the mesh, a portion of water entering the collar from the base leaks out from the distal part rather than flowing into the high-pressure zone above the reticulum, thus reducing the net pumping rate (figure 6). Therefore, the primary hydrodynamic function of the glycocalyx mesh is to seal the distal part of the collar to prevent leakage while allowing the water to be pressurized in order to ultimately flow through the canal systems of the sponge. In the low Reynolds number regime of flow in flagellated chambers, this sealing is of paramount importance since, with the lack of inertia, the flow is pressure driven only. Besides the hydrodynamic function, the mesh also provides support against the pressure forces from within the collar to prevent a possible deformation or spreading of the microvilli. Next, to account for possible leaks through the glycocalyx mesh, we model the fine-meshed distal part of the collar as a permeable structure composed of two layers of 0.024 mm filaments with a pore size of 0.045 mm [9, 10] . This may be a conservative estimate of the density because of the very small spacing between the microvilli in this region [10, 11] . Figure 6 presents the volume flow rate for different levels of imposed pressure and for three cases of permeability of the distal part of the collar, i.e. impermeable, with the glycocalyx mesh, and microvilli without a mesh. When the pressure load is negligible, the flow rate is independent of the permeability. But as the pressure resistance increases, the beneficial effect of the glycocalyx mesh becomes evident; here the pump can handle any pressure load with little change in delivered flow rate. System pressure losses from canals vary among sponges (table 3) and may also vary within a given sponge body because of different locations of choanocyte chambers and various sizes of incurrent and excurrent canals [22] . Despite the conservative estimate of the permeability of the glycocalyx mesh, it is seen to act as an almost impermeable surface. It may also be noted that a zero pressure condition is essentially similar to the environment of choanoflagellates because they face no imposed pressure load from a canal system, and their flagella are able to create relatively highvolume flow rates in free space (or near surfaces) [19, 23] . This may be one reason why the collar in choanoflagellates For increasing values of imposed system pressure loss, the fine glycocalyx mesh is essential for the pump to deliver the required flow rate.
lacks a dense mesh and instead, in some cases, has a fine ring of glycocalyx mesh encircling the microvilli [10] . But, of course, the main purpose of the collar is to act as a filter which is not impaired by a narrow ring that might serve a structural purpose.
Effect of the secondary reticulum
The secondary reticulum (R2) separates the high-pressure zone from the low-pressure zone as shown in figure 2b [11] . We therefore examine the hydrodynamic importance of R2 by removing this structure from the model (figure 2c) for an ideal case of zero imposed canal system pressure loss. Figure 7 shows the resulting velocity field in and around the choanocyte without the presence of R2. The flow rate through the collar is still similar to that without R2 (453 mm 3 s 21 ), but only 13% of this flow is found to enter the domain from the prosopyle. The rest is a recirculating backflow from the inner part of the chamber around the collar. Consequently, the net pumping rate drops dramatically although without becoming zero. But in the real case with the presence of pressure resistance from the canals, the choanocyte pump would fail completely, leading to a reversed flow driven by the imposed pressure load. Hydrodynamically, the three design elements, i.e. the R2, the glycocalyx mesh on the collar and the minimal gap between flagellar vane and collar, are crucial to the functionality of the choanocyte pump. As the glycocalyx mesh and the minimal gap are crucial to prevent leakage within individual choanocytes, the R2 reticulum is crucial for the assembly of choanocytes in the chamber to function in parallel, each being exposed to and able to deliver the required high pressure.
It remains to explain why the many choanocytes sit in a chamber with multiple prosopyles for inflow but a single apopyle for outflow. It is apparently not because of a favourable interaction because we have already shown that the hydrodynamic interaction between the choanocytes is negligible (table 1) . Besides protection and being part of a larger organism, owing to high choanocyte density and structural rigidity, it also brings variety to their diet [11, 14, 22] . The reduced filter area for capturing bacteria has directed choanocytes to primarily become strong pumps with a relatively low filtration rate, which is compensated by the ability of leucon sponges to generate a strong inflow to the sponge, drawing phytoplankton into long inhalant canals for capture, which contributes about 80% to their diet [24] . But the most compelling reason for near spherical choanocyte chambers is probably that they are a structurally practical and optimal design that can feature a two-pressure zone essential for parallel-coupled pumps that must yield high pressure. Here it is noted that, in both asconoid and sycoid sponges, choanocytes with cylindrical collars sit in close arrays on open surfaces, and there are no signs of reticula [12] , which seems to agree with the fact that imposed flow resistance from the rather open canal structure is minimal.
Pump power and mechanical efficiency
The mechanical power expended by the beating motion of the flagellum in the choanocyte model (figure 2c), calculated from equation (2.4) for the normal case of BC 1 (in table 1), is P P,mech ¼ 12:6 fW. For comparison the (reversible) useful pumping power received by the water flow at Q ¼ 454 mm 3 s 21 and an imposed system pressure loss of 1.0 mmH 2 O plus the inner pressure drop of 0.95 mmH 2 O through the inlet to the collar, a total of P T ¼ 1.95 mmH 2 O, amounts to P P,rev ¼ P T Q ¼ 8:68 fW. The ratio of these powers represents the mechanical efficiency of the choanocyte pump model, h mech ¼ P P,mech =P P,rev % 70%, which seems reasonable for a positive displacement pump. Our simulations also show h mech to increase with decreasing gap width at higher values of pressure and flow rate, i.e. approaching an ideal displacement pump. Table 3 . Pressure loss from the canal system (P ch ) (i.e. total pressure loss excluding contributions from within the choanocyte chambers) for different species of demosponges and one species of glass sponge (Aphrocallistes vastus). The relatively high-pressure loss in canals requires a high yield pump. Data extracted from [4] , * [9] , ** [7] . 
Conclusion
In this study, using detailed CFD simulations of flow in models of a choanocyte we find support for the hypothesis that the individual choanocyte is the basic pump unit in sponges. It can deliver the necessary high pressure because it operates as a leaky, positive displacement-type pump owing to the beating of its vaned flagellum in a collar, which is open at the base for inflow and sealed above by a tight glycocalyx mesh, and the leaking backflow is due to small gaps between the flagellum and collar. Our results contradict the earlier suggestion that the choanocyte chamber as a whole is the basic pump unit that delivers the needed high pressure. Finally, the calculated mechanical power of the flagellum gives reasonable values of mechanical efficiency of the model pump.
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